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Results of an SiO maser survey for the late-type stars selected by the IRTS (Infrared Telescope in
Space) are presented. We have detected SiO J = 1− 0, v = 1 and/or v = 2 lines in 27 stars out of 59 stars.
The maser intensity increases with the depth of the H2O absorption in the infrared spectra and redness
of the 2.2 and 12 µm color. The column densities of the water vapor in the target stars are estimated
from the depth of the water absorption in the IRTS spectra. We found that the SiO maser was detected
mostly in the stars with the column density of water vapor higher than 3 1019{3 1020 cm−2. We further
estimate the density of hydrogen molecules in the outer atmosphere corresponding to these column densities,
obtaining 109{1010 cm−3 as a lower limit. These values are roughly in agreement with the critical hydrogen
density predicted by models for the excitation of the SiO masers. It is possible that the SiO masers are
excited in clumps with even higher than this density. The present results provide useful information on the
understanding of the physical conditions of the outer atmospheres in late-type stars.
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Introduction One of the characteristics of the red giant stars is the possession of the atmosphere more
extended than the hydrostatic case. Several kinds of molecules are formed in the extended atmosphere.
Dust grains are also formed in the outermost region of the extended atmosphere, and consequently, the mass
loss is accelerated by the radiation pressure on the dust grains. The extended atmosphere is thought to be
generated by large pulsations of the stars. Woitke et al. (1999) showed theoretically that pulsation aects the
density structure of the molecules, especially poly-atomic molecules. However, poly-atomic molecules, such
as H2O, CO2, and SO2, are dicult to observe from the ground because of the interference by the terrestrial
atmosphere. Recent observations based on satellite missions allowed investigations of the properties of
these molecules in the extended atmosphere (Tsuji et al. 1997; Justtanont et al. 1998; Ryde et al. 1999;
Yamamura et al. 1999a, b). Tsuji et al. (1997) found that a layer of molecules, which the authors called a
\warm molecular envelope", is also present in non-Mira variables, i.e., irregular and semi-regular variables.
Pulsations of these stars are rather weak and thus it is under discussion at present if the pulsation is still
responsible for the formation of the molecular layer even in non-Mira variables. Hereafter, we denote the
extended atmosphere or the warm molecular envelope as an \outer atmosphere", which is the region located
above the photosphere, but below the circumstellar envelope (see also Yamamura and de Jong 2000).
Matsuura et al. (1999; hereafter Paper I) have studied the water vapor absorption band at 1.9 µm based
on the spectro-photometric data obtained by the Near-Infrared Spectrometer (NIRS; Noda et al. 1996) on
board the Infrared Telescope in Space (IRTS; Murakami et al. 1996). The NIRS observed water vapor
absorption in a large sample of stars. In the near infrared region, the water vapor is a dominant absorber
in red-giants. The water vapor absorption bands are thought to arise mainly from the outer atmosphere of
these stars. The strength of the water vapor absorption increases with the 2.2 and 12 µm color, C12/2.2.
This color is an indicator of the amount of dust in the inner part of the circumstellar shell. In Paper I,
we suggested that the depth of the water vapor absorption represents the amount of matter in the outer
atmosphere, indicating the close relation between the density of the outer atmosphere and the mass-loss rate.
SiO masers have been detected in many oxygen-rich red-giants and red-supergiants. SiO molecules are
condensed into dust in the region with the temperature around  1000 K. SiO masers are thought to be
excited in the region below the dust forming region (Nyman and Olofsson 1986), or in the outer atmosphere.
VLBI observations detect SiO maser spots at 1{4 stellar radii from the central stars (Miyoshi et al. 1994;
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Diamond et al. 1994). The detection of these spots supports the idea proposed by Langer and Watson (1984)
that the infalling wind makes inhomogeneous structures and strong SiO maser emission comes from high-
density clumps. However, it is dicult to derive properties of the outer atmosphere quantitatively only from
the observations of the SiO masers and to understand the circumstances for the excitation of SiO masers.
Two pumping mechanisms have been proposed so far for the excitation of SiO masers; radiative pumping
(e.g. Kwan and Scoville 1974; Deguchi and Iguchi 1976; Bujarrabal 1994a, b) and collisional pumping (e.g.
Elitzur 1980; Doel et al. 1995). At present it is still not settled which mechanism is dominant in late-type
stars.
The near- and mid-infrared observations by the IRTS provide useful information on the outer atmo-
sphere. It is worthwhile comparing the SiO maser properties with the parameters derived from near- and
mid-infrared observations by the IRTS. Previous SiO maser surveys (e.g. Allen et al. 1989; Izumiura et al.
1994) were mostly based on the IRAS Point Source Catalog (IRAS-PSC; Joint IRAS Working Group 1988).
The SiO detected sources and non-detected sources are uniformly scattered in the regions of oxygen-rich
stars, and are not clearly separated on the IRAS color-color diagram (Haikala 1990). The SiO maser is
much more frequently detected in Mira variables than in other variable types. Only a few semi-regular and
irregular variables exhibit the SiO maser activity. The non-Mira SiO maser sources usually have a visual
amplitude larger than 2.5 mag (Alcolea et al. 1990), which is comparable to Mira variables. Thus it is
suggested that SiO maser excitation is related to the stellar pulsation because stars with a larger visual
amplitude are expected to have stronger pulsation. Alcolea et al. (1990) suggested that fewer detections of
the SiO maser in semi-regular variables indicates less developed outer atmosphere in these stars because the
pulsation of semi-regulars is weaker than that of Miras.
In this paper, we report the results of an SiO maser survey in a sample of the IRTS point sources.
The IRTS provided a large number of stellar spectra in near- and mid-infrared regions, unaected by the
terrestrial atmosphere. The infrared colors and the strength of the water absorption are compared with the
SiO maser intensity. We will discuss the conditions for the excitation of the SiO masers.
Observations
We made observations of the SiO masers with the 45-m telescope at Nobeyama Radio Observatory
from May 20 to 25, and from June 10 to 12, 1998. We simultaneously observed three SiO maser lines,
J = 1− 0, v = 1 (43.1220 GHz), J = 1− 0, v = 2 (42.8205 GHz), and J = 2− 1, v = 1 (86.2434 GHz). Two
cooled SIS receivers (S40 for 43 GHz, and S100 for 86 GHz) were used with acousto-optical spectrometers
(AOS’s). Each AOS covers 40 MHz with a resolution of 37 kHz. The velocity coverage is about 140 km s−1
for the J = 1 − 0 lines, and about 70 km s−1 for the J = 2 − 1 line, respectively. The overall system
temperature at 43 GHz was typically 150{250 K with the worst case of 900K, depending on the weather and
the telescope elevation. The J = 2 − 1 line was observed only when the conditions were appropriate, and
the overall system temperature ranged between 300 and 450 K. The half-power beam width of the telescope
is 40 arcsec at 43 GHz and 18 arcsec at 86 GHz, respectively. Conversion factors from antenna temperature
(T a in K) to flux density (Jy) are 2.0 Jy K
−1 at 43 GHz, and 2.6 Jy K−1 at 86 GHz.
The target stars were selected from a preliminary list of the IRTS point sources, whose spectra were
obtained by both the Mid-Infrared Spectrometer (MIRS; Roellig et al. 1996), and the NIRS. The selection
criteria are : (1) The flux is approximately larger than 10 Jy at 10 µm and larger than 1 Jy at 2.2 µm.
To get a wide coverage of dierent infrared colors and water indices, we also include some stars with flux
below 10 Jy at 10 µm; (2) The spectrum shows the characteristics of an oxygen-rich star (c.f. Yamamura
et al. 1997). Carbon-rich stars and S-type stars in the catalogues (Stephenson 1984, 1989) are excluded;
(3) The star has an identication in the IRAS-PSC. In the present study, we include some stars near the
galactic plane, which were not included in Paper I. The positions of the stars are taken from the IRAS-PSC,
the General Catalogues of Variable Stars (GCVS; Kholopov et al. 1988), the Smithsonian Astrophysical
Observatory Star Catalog (SAO; Smithsonian Institution 1966), and in a few cases from other catalogues.
Results
The SiO J = 1− 0, v = 1 and/or v = 2 maser lines were detected in 27 stars out of 59 target stars. The
infrared properties of detected sources and non-detected sources are listed in tables 1 and 2. The results
of SiO observations are presented in tables 3 and 4. The spectra of the SiO masers are shown in gure 1.
The infrared colors C2.2/1.7 and C12/2.2, and the water index IH2O in table 1 and 2 are dened by: equation
C2.2/1.7 = log(F2.2/F1.7),
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